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Visual cues often modulate auditory signal process-
ing, leading to improved sound detection. However,
the synaptic and circuit mechanism underlying this
cross-modalmodulation remains poorly understood.
Using larval zebrafish, we first established a cross-
modal behavioral paradigm in which a preceding
flash enhances sound-evoked escape behavior,
which is known to be executed through auditory
afferents (VIIIth nerves) and command-like neurons
(Mauthner cells). In vivo recording revealed that the
visual enhancement of auditory escape is achieved
by increasing sound-evoked Mauthner cell re-
sponses. This increase in Mauthner cell responses
is accounted for by the increase in the signal-to-
noise ratio of sound-evoked VIIIth nerve spiking and
efficacy of VIIIth nerve-Mauthner cell synapses.
Furthermore, the visual enhancement of Mauthner
cell response and escape behavior requires light-
responsive dopaminergic neurons in the caudal
hypothalamus and D1 dopamine receptor activation.
Our findings illustrate a cooperative neural mecha-
nism for visual modulation of audiomotor processing
that involves dopaminergic neuromodulation.
INTRODUCTION
Information received from the environment via multiple sensory
pathways often interacts in the animal’s brain (Angelaki et al.,
2009; Driver and Noesselt, 2008; Stein and Stanford, 2008).
This cross-modal interaction of sensory information can improve
sensory perception and behavioral performance, as evidenced
by reduced detection threshold (Gu et al., 2008; Morgan et al.,
2008), shortened reaction time (Kayser et al., 2008; Lakatos
et al., 2007; Rowland et al., 2007), and decreased uncertainty
(Kayser et al., 2010; Shaikh et al., 2005). The neural mechanism
underlying cross-modal interaction has been pursued for several688 Neuron 75, 688–699, August 23, 2012 ª2012 Elsevier Inc.decades (Angelaki et al., 2009; Driver and Noesselt, 2008; Stein
and Stanford, 2008). In many cases, cross-modal interaction
occurs via convergent synaptic inputs from multiple sensory
pathways onto common multisensory neurons located in
specific brain areas (Angelaki et al., 2009; Stein and Stanford,
2008). By examining spiking activity driven by unimodal or multi-
modal sensory inputs, studies in the cat superior colliculus and
primate cerebral cortex have well characterized some funda-
mental principles for the integration of spiking activity (Angelaki
et al., 2009; Gu et al., 2008; Meredith and Stein, 1983, 1986;
Morgan et al., 2008; Stein and Stanford, 2008). Recent findings
indicate that, without the capability of directly driving spiking
activity, the sensory input from one modality can modulate the
signaling processing of other sensory modalities (Ghazanfar
and Chandrasekaran, 2007; Kayser et al., 2008; Lakatos et al.,
2007, 2009). This cross-modal modulation has been observed
in association with attention, expectation and changes in behav-
ioral state (Driver and Noesselt, 2008; Reynolds and Chelazzi,
2004). However, due to the complexity of neural circuits
involved, its synaptic and circuit mechanisms remain largely
unknown (Driver and Noesselt, 2008).
The relative simplicity of neural circuits and the availability of
in vivo approaches in the larval zebrafish (Fetcho and O’Malley,
1995; Friedrich et al., 2010; Portugues and Engert, 2011) provide
an opportunity for dissecting the neural mechanism and behav-
ioral relevance of cross-modal modulation. Here, we focus on
a sound-evoked escape behavior, which is called C-type fast-
start (C-start) due to the ‘‘C’’ shape of the body at the end of
the first stage of this behavior (Eaton et al., 2001; Korn and Faber,
2005). The C-start behavior, widely employed by fish and am-
phibians (Eaton et al., 2001), is executed through the neural cir-
cuit consisting of auditory afferents (VIIIth nerves) and command-
like neurons, which are called Mauthner cells (M-cells) (Eaton
et al., 2001; Korn and Faber, 2005; Liu and Fetcho, 1999). The
spiking activity of Mauthner cells (M-cells), a pair of large
reticulospinal neurons bilaterally located in the rhombomere 4
of the hindbrain, is necessary and sufficient for initiating C-start
behavior (Korn and Faber, 2005; Liu and Fetcho, 1999). The
C-start behavior is an important audiomotor function for animal
survival (Korn and Faber, 2005), and its occurrence can be
modulated by environmental context (Burgess and Granato,
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Figure 1. Preceding Visual Stimulus Enhances Sound-Evoked C-Start Behavior of Larval Zebrafish
(A) Representative images showing a successful C-start escape behavior of a 5 dpf zebrafish larva in response to a sound stimulus (80 dB), which was applied
at 0 ms.
(B) Examples showing sound-evoked C-start behavior of same larvae under control condition (‘‘Ctrl’’) or when a preceding white flash (15 ms, 10 lux) was applied
at 0.4 s before the sound onset (‘‘Flash’’). Sound stimulus: 500 Hz 10 ms pure tone at 80 dB. Top, a part of portraits of 96-well plate with one 5-dpf larva in each
well. The blue and red traces represent the 60 ms trajectory (immediately after the sound onset) of the head in all larvae exhibiting C-start behavior in response to
the sound. Bottom, heat map showing the time course of locomotion speed of all 87 larvae from the same 96-well plate under Ctrl (left) or Flash (right) condition.
The locomotion speed is color-coded.
(C) Summary of data showing that a preceding flash applied at 0.4 s before the sound onset increases the probability of C-start behavior evoked by sound stimuli
at different intensities. Data were obtained from 172 larvae at age 5–6 dpf.
(D) Time window showing that flashes applied 0.2–0.6 s before the sound (70 dB) are effective in enhancing auditory C-start behavior. The dashed line indicates
the C-start probability under control condition. The data were obtained from 166 larvae aged at 5 dpf with each tested at each flash-sound interval. ***p < 0.001
(paired Student’s t test).
Error bars represent SEM. See also Figure S1.
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Cross-Modal Modulation via Dopaminergic Neuron2007; Eaton and Emberley, 1991). We hypothesize that the fish
may optimize this auditory behavior by combining cues received
through other sensory modalities, such as the visual system.
In the present study, we first established a behavioral para-
digm inwhich a preceding light flash can enhance sound-evoked
C-start behavior in larval zebrafish. We then applied a multidisci-
plinary approach to dissect the synaptic and circuit mechanism
underlying this visual modulation of audiomotor function by
combining in vivo whole-cell and unit recordings, behavioral
assay, pharmacological treatment, genetic manipulation, two-
photon laser ablation, and neural circuit tracing. We found that
a flash presented within 0.2– 0.6 s prior to the sound onset
enhances sound-evoked responses of M-cells, resulting in
facilitated C-start behavior. At the synaptic level, this visual
modulation can be accounted for by the increase in both the
signal-to-noise (S/N) ratio of sound-evoked VIIIth nerve spiking
activity and the transmission efficacy of synapses formed by
VIIIth nerves on M-cells. Furthermore, the visual modulation is
abolished by two-photon laser ablation of the caudal hypothal-
amus (HC), or by genetic impairment of dopamine (DA) synthesis
or dopaminergic neuron development in the HC. Consistent with
its essential role in the visual modulation, HC dopaminergic
neurons exhibit bursting activity in response to flashes. Finally,the activation of D1 dopamine receptors (D1Rs) is required for
the visual modulation of audiomotor function. Taken together,
our findings elucidate a two-step neural mechanism by address-
ing cross-modal sensory modulation from behavioral level to
circuit and synaptic level, and reveal a role of dopaminergic
neuromodulatory systems in visuo-auditory interaction.
RESULTS
Preceding Visual Stimulus Enhances Sound-Evoked
C-Start Behavior of Zebrafish
We first characterized sound-evoked C-start escape behavior
of zebrafish 5–6 days of age postfertilization (dpf). The C-start
behavior began within 5 ms after the onset of the sound
(sine-waveform pure tone, 500 Hz, 10 ms), with a ‘‘C’’ shape of
tail curvature, followed by alternating tail flips for swimming
(Figure 1A). In each experiment, successful C-start behavior
was visually identified for each larva (color traces in the top
panels of Figure 1B), and corresponded to the rapid change in
locomotion within 5–20 ms after the sound onset (bottom
panels of Figure 1B). In response to sound stimuli we used
(70–80 dB, near-field sound stimulation; see Supplemental
Experimental Procedures available online), larvae in the darkNeuron 75, 688–699, August 23, 2012 ª2012 Elsevier Inc. 689
C-start
VIIIth
nerve
Mauthner
cell
R
L
 
a-
CS
C 
(no
rm
.)
*
***
** (n = 14)
200 ms
200 pA
0.0 0.5 1.0 1.5 2.0
1.0
1.2
1.4
Flash-sound interval (s)
20 ms
300 pA
85 dB CtrlFlash
1.6
1.4
1.2
1.0a
-C
SC
 (n
orm
.)
85
Sound intensity (dB)
80
***
*** **
**
88 90
cell
Hair
A B C
D E F
1.0
0.8
0.6
0.4
0.2
0.0
Sp
ike
 p
ro
b.
**
***
85 90
(n = 10)
Sound intensity (dB)
Ctrl
Flash
100 pA
500 ms
v-CSC
a-CSC
Figure 2. Preceding Visual Stimulus Enhances Sound-Evoked Responses of Mauthner Cells
(A) Schematic of the zebrafish audiomotor pathway responsible for C-start behavior andwhole-cell recording of theMauthner cell. The dashed line represents the
midline of the fish. R, rostral; L, lateral.
(B) Samples of flash- and sound-evoked compound synaptic currents (v-CSC versus a-CSC) in a Mauthner cell held at 60 mV. Top, v-CSC (average of 30
traces); bottom, a-CSC (average of 7 traces). The open triangles mark the onset of a flash (15 ms, 30 lux) or sound (10 ms, 500 Hz, 85 dB).
(C) a-CSCs (average of 6 traces) of aMauthner cell held at60mV under control condition (‘‘Ctrl,’’ blue) or with a preceding light flash (15ms, 30 lux) applied 0.4 s
before the sound onset (‘‘Flash,’’ red).
(D) Summary of data showing that the flash applied at 0.4 s before the sound onset enhances Mauthner cell a-CSCs. Data were obtained from 23 larvae tested at
both 80 and 85 dB and eight larvae at both 88 and 90 dB.
(E) Summary of data showing that the flash applied at 0.4 s before the sound onset increases the probability of sound-evoked spiking in Mauthner cells. The data
were obtained from ten larvae with each examined at both intensities.
(F) Time window showing that flashes applied 0.2 - 0.6 s before the sound (90 dB) effectively enhance a-CSCs of Mauthner cells recorded from 14 larvae. Top,
sample a-CSCs (average of five traces) obtained without (blue) or with a preceding flash (red) at corresponding flash-sound intervals. The blue dot represents
response under control condition. *p < 0.05; **p < 0.01; ***p < 0.001 (paired Student’s t test).
Error bars represent SEM. See also Figures S2 and S8.
Neuron
Cross-Modal Modulation via Dopaminergic Neuronexhibited C-start behavior at low probabilities (blue bars in Fig-
ure 1C and Movie S1).
To test whether visual inputs can modulate this auditory
C-start behavior, we applied a white flash (15 ms duration, 10
lux intensity) at 0.4 s prior to the sound onset. Although the flash
itself could not evoke C-start behavior (Figure S1A and Movie
S2), it markedly increased the probability of C-start behavior
evoked by subsequent sound stimuli (p < 0.001; Figures 1B
and 1C and Movies S1 and S3). Similar modulatory effects
were observed when flashes with higher intensities were used
(35 lux, 330 lux; Figure S1B). By changing the interval between
the flash and subsequent sound stimuli, we found that flashes
applied between 0.2 and 0.6 s prior to the sound onset effectively
promoted sound-evoked C-start behavior, with a maximal effect
at 0.4 s (Figure 1D). Thus, we define a simple behavioral para-
digm in which a preceding visual stimulus can cross-modally
enhance audiomotor behavior in larval zebrafish.
Preceding Visual Stimulus Enhances Sound-Evoked
Responses of Mauthner Cells
As M-cell activation is necessary and sufficient for triggering
C-start behavior (Eaton et al., 2001; Korn and Faber, 2005; Liu690 Neuron 75, 688–699, August 23, 2012 ª2012 Elsevier Inc.and Fetcho, 1999), we performed in vivo whole-cell recording
to examine whether sound-evoked responses of M-cells are
modulated by a preceding flash (Figure 2A). By holding the
membrane potential at the reversal potential for Cl currents
(60 mV), we monitored auditory evoked compound synaptic
currents (a-CSCs) of M-cells in response to sound stimuli with
or without a preceding flash. Sound stimuli (sine-waveform
pure tone, 500 Hz, 10 ms, 85 dB, far-field sound stimulation;
see Experimental Procedures) evoked inward a-CSCs with
a large amplitude (400 ± 32 pA; mean ± SEM) and a rapid time
course, whereas flash stimuli (15 ms, 30 lux) evoked very small
visual compound synaptic currents (v-CSCs, 16 ± 2 pA) with
a slow time course (examples shown in Figure 2B). Consistent
with the visual modulation of auditory C-start behavior (see
Figure 1), a flash presented 0.4 s before the sound onset
significantly enhanced a-CSCs at all sound intensities tested,
as assayed by the total integrated charge associated with
a-CSCs (Figures 2C and 2D). In vivo cell-attached recording
of M-cells showed that the preceding flash also markedly
increased the probability of sound-evoked spiking in this cell
(Figure 2E). The visual modulation of a-CSCs occurred only
when the flash was applied within 0.2–0.6 s prior to the sound
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Figure 3. Ipsi- but Not Contralateral Preceding Flashes Are Effective
in Enhancing Sound-Evoked Responses of Mauthner Cells
(A and B) Samples (A, average of 15 traces) and summary (B) of data showing
that both the contra- (‘‘Contra’’) and ipsilateral (‘‘Ipsi’’) flashes (15ms) induce v-
CSCs of Mauthner cells with similar amplitude and waveform.
(C and D) Samples (C, average of 6 traces) and summary (D) of data showing
that the ipsi- (red) but not contralateral (green) preceding flash (0.4 s before the
sound onset) increase the amplitude of Mauthner cell a-CSCs. The blue trace
in (C) represents an a-CSC evoked without a preceding flash. The data were
obtained from the same five larvae and values obtained from the same larvae
are connected by a line in (B) and (D). n.s., no significance; *p < 0.05 (paired
Student’s t test).
Error bars indicate SEM.
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Figure 4. Preceding Visual Stimulus Increases Signal-to-Noise Ratio
of VIIIth Nerve Spiking Activity
(A) Schematic of loose-patch recording of VIIIth nerves.
(B) Light flash (red line, top) transiently decreases the spontaneous spiking
activity of VIIIth nerves. Top, raster plot of action potentials from one recording;
Bottom, peristimulus time histogram (PSTH) of the recording shown in top
(left y axis, black open bars) and summarized data (right y axis, red line) from
nine larvae.
(C) Example traces from a single recording showing that a preceding flash
reduces the spontaneous but not sound-evoked spiking activities of VIIIth
nerves. The flash was applied 0.4 s before the onset of sound (90 dB). Each
trace is overlapped by 58 episodes.
(D and E) Summary of preceding flash effects on the firing rate of both spon-
taneous and sound-evoked spiking activities (D) and signal-to-noise (S/N) ratio
(E) of VIIIth nerves. The data obtained with sound stimuli at 90 dB are showed
in (E). Paired Student’s t test and Wilcoxen sign-rank test were used in (D) and
(E), respectively. *p < 0.05; **p < 0.01; ***p < 0.001.
Error bars indicate SEM.
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Cross-Modal Modulation via Dopaminergic Neurononset (Figure 2F), similar to the time window found for the flash
modulation of C-start behavior (see Figure 1D). Given that the
M-cell is a motor command-like neuron for the C-start behavior
(Eaton et al., 2001; Korn and Faber, 2005), the flash-induced
enhancement of sound-evoked M-cell responses can account
for the visual enhancement of auditory C-start behavior.
This visual enhancement of a-CSCs is not attributed to the
integration of visual and auditory inputs to the M-cell. First, the
increased amplitude of a-CSCs could not be accounted for by
linear summation of v-CSCs and a-CSCs (Figure S2A). Second,
we found no correlation between the flash-induced change of
a-CSCs and the amplitude of v-CSCs (Figure S2B). Third,
although ipsi- and contralateral eye stimulations evoked similar
responses in M-cells (Figures 3A and 3B), only the ipsilateral
one could effectively enhance sound-evoked M-cell responses
(Figures 3C and 3D), implying a recrossing of the flash-induced
signal because the axons of all retinal ganglion cells cross
contralaterally.
Visual Stimulus Increases S/N Ratio of VIIIth Nerve
Spiking Activity and Efficacy of VIIIth Nerve-Mauthner
Cell Synapses
Sound-evoked C-start behavior is executed through the VIIIth
nerve-Mauthner cell circuit (Eaton et al., 2001; Korn and Faber,2005; Liu and Fetcho, 1999). To examine how the preceding flash
modulates a-CSCs of M-cells, we first measured the spiking
activity of VIIIth nerves by in vivo loose-patch recording (Fig-
ure 4A). A flash induced a marked reduction of the spontaneous
spiking activity within the first 2 s after the flash onset (Figures
4B and 4C), with a maximum reduction of 60 ± 8% during 0.4–
0.5 s after the flashonset (p <0.001; Figure 4D). As sound-evoked
spiking activities were only slightly decreased by the preceding
flash (80dB:11±4%,p=0.02;90dB:3±3%,p=0.36; Figure4D),
theS/N ratio of the VIIIth nerve spiking activity, defined as the ratio
of the sound-evoked spike rate (20 ms window after the sound
onset) divided by the spontaneous spike rate (400 ms window
before the sound onset), was significantly increased by the
preceding flash (p < 0.01; Figure 4E).
We then examined the transmission efficacy of VIIIth nerve-
Mauthner cell synapses by measuring the excitatory postsyn-
aptic current (EPSC) of M-cells (voltage clamped at 60 mV) in
response to extracellular stimulation of VIIIth nerves (Figure 5A).
The EPSC exhibited an early electrical component, followed by
a chemical component (Figure 5B), consistent with previous
findings that extracellular stimulation of VIIIth nerves elicit a
biphasic excitatory response in goldfish (Cachope et al., 2007;
Pereda et al., 1992, 1994). The chemical component is medi-
ated by the a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA) receptors (AMPARs) and N-methyl-D-aspartateNeuron 75, 688–699, August 23, 2012 ª2012 Elsevier Inc. 691
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Figure 5. Preceding Visual Stimulus Increases Efficacy of VIIIth
Nerve-Mauthner Cell Synapses
(A) Schematic of whole-cell recording of the Mauthner cell with electrical
stimulation of the VIIIth nerve.
(B) Pharmacology of EPSCs (60 mV; average of seven traces) recorded from
a Mauthner cell evoked by electrical stimulation of VIIIth nerves. The chemical
and electrical components (arrows) were suppressed by puff application of
CNQX + D-AP5 and FFA + 18a-GA, respectively. The open arrowhead indi-
cates stimulus artifacts.
(C) Single trials (light color) and average (dark color) of EPSCs recorded from
a same Mauthner cell without (blue) or with (red) a 15 ms flash applied 0.4 s
before the electrical stimulation. The dashed line represents the basal level.
(D and E) Summary of preceding flash effects on the electrical (D) and chemical
(E) components of EPSCs. The data were obtained from 12 larvae. ***p < 0.001
(Wilcoxen sign-rank test).
Error bars indicate SEM.
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Cross-Modal Modulation via Dopaminergic Neuronreceptors (NMDARs) because it was suppressed by coapplica-
tion of the AMPAR antagonist 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX) and NMDAR antagonist D-AP5 [D()-2-amino-
5-phosphonovaleric acid], whereas the electrical component
is mediated by gap junctions because it was suppressed by
the gap junction blockers flufenamic acid (FFA) and 18-glycyr-
rhetinic acid (18a-GA) (Figure 5B). Flash applied 0.4 s before
the electrical stimulation of VIIIth nerves significantly increased
the amplitude of both synaptic components (p < 0.001; Figures
5C–5E). Thus, a preceding visual stimulus increases the S/N
ratio of sound-evoked spiking activity in the VIIIth nerve (Fig-
ure 4) and the efficacy of synapses made by the VIIIth nerve
on the M-cell (Figure 5), leading to facilitated sound detection
in the M-cell.
Visual Modulation of Audiomotor Functions Requires
D1R Activation
In teleosts, exogenous DA elevates the firing threshold of VIIIth
nerves (Curti and Pereda, 2010), and the activation of D1Rs692 Neuron 75, 688–699, August 23, 2012 ª2012 Elsevier Inc.increases the efficacy of VIIIth nerve-Mauthner cell synapses
(Pereda et al., 1992, 1994). We therefore examined the role of
the DA receptor in the visual enhancement of audiomotor
functions, including sound-evoked M-cell response and C-start
behavior. Using focal application of pharmacological agents in
the vicinity ofM-cell lateral dendrites (Figure 6A), which are inner-
vated by VIIIth nerves (Eaton et al., 1977; Korn and Faber, 2005),
we found that the total integrated charge of a-CSCs in M-cells
was reduced by the D1R antagonist SCH-23390 (p < 0.001),
and increased by the DA receptor agonist apomorphine (p <
0.05). Importantly, the preceding flash-induced enhancement
of a-CSCs in M-cells was largely impaired by SCH-23390
application (Figure 6B), and was totally occluded by apomor-
phine application (Figure 6C). These findings indicate that D1R
activation is required for the visual modulation of auditory
responses in Mauthner cells.
We then examined whether D1Rs mediate flash-induced
increases in both the S/N ratio of VIIIth nerves and the efficacy
of VIIIth nerve-Mauthner cell synapses. SCH-23390 application
prevented flash-induced increase in the S/N ratio of VIIIth
nerves (Figure 6D), whereas apomorphine application
mimicked the flash-induced effects as it significantly sup-
pressed the spontaneous spiking activity of VIIIth nerves (p <
0.01; Figure S3A1) and increased the S/N ratio (p < 0.01; Fig-
ure S3A2). Furthermore, local application of the persistent
sodium channel blocker riluzole largely suppressed the sponta-
neous spiking activity of VIIIth nerves (p < 0.05; Figure S3B1)
and prevented SCH-23390-induced increase in the sponta-
neous spiking activity of VIIIth nerves (Figure S3B2). These
results suggest that D1R activation mediates visual modulation
of the S/N ratio of VIIIth nerves possibly through suppressing
persistent sodium channels (see also Curti and Pereda,
2010). At the VIIIth nerve-Mauthner cell synapse, we found
that SCH-23390 application prevented the flash-induced
increase in Mauthner cell EPSCs (Figures 6E and 6F), whereas
apomorphine application mimicked and occluded flash-
induced effects (Figure S3C). Furthermore, intracellular loading
of PKI (6-22) amide, a membrane-impermeable inhibitor of
protein kinase A (PKA), into Mauthner cells via whole-cell
recording pipettes prevented apomorphine-induced enhance-
ment of VIIIth nerve-Mauthner cell synaptic transmission
(compare Figure S3D with Figure S3C1), indicating the involve-
ment of postsynaptic PKA in the flash-induced increase of the
synaptic efficacy.
Behaviorally, the flash-induced enhancement of C-start
behavior was prevented by bath application of SCH-23390
(20 mM; Figure 6G). Bath application of apomorphine (15 mM),
which by itself increased the basal C-start probability, occluded
the flash-induced enhancement (Figure 6H). Moreover, this
occlusion effect of apomorphine is mediated by D1Rs because
the apomorphine-induced increase of basal C-start probability
was totally abolished by SCH-23390 application (Figure 6I).
Similar effects were also observed when another D1R antago-
nist SKF-83566 was used (Figure S4). These pharmacological
effects on the flash modulation of C-start behavior are con-
sistent with those found for the D1R involvement in the
flash enhancement of sound-evoked M-cell responses. Taken
together, D1R activation is required for the visual modulation
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Figure 6. D1 Dopamine Receptor Mediates
Visual Modulation of Audiomotor Functions
(A–C) Requirement of D1 dopamine receptor (D1R)
activation for the visual modulation of sound-
evoked responses in Mauthner cells. (A) Sche-
matic of local puffing of drugs around the lateral
dendrites of Mauthner cells. (B and C) Samples
(top, average of 5 traces) and summary (bottom) of
data showing effects of a 15 ms preceding flash
(0.4 s before the sound) on Mauthner cell a-CSCs
before and after local puffing of the D1R antago-
nist SCH-23390 (B) or the DA receptor agonist
apomorphine (C).
(D) Effects of a preceding flash on S/R ratio of VIIIth
nerves before and after local puffing of SCH-
23390.
(E and F) Effects of a preceding flash on the
electrical (E) and chemical (F) components of
Mauthner cell EPSCs before and after local puffing
of SCH-23390.
(G–I) Requirement of D1R activation for the visual
modulation of sound-evoked C-start behavior. (G
and H) Summary of data showing effects of
a preceding flash on sound-evoked C-start prob-
abilitywithout (‘‘’’) orwith (‘‘+’’) bath application of
SCH-23390 (G) or apomorphine (H). (I) Summary of
data showing effects of SCH-23390 on the
apomorphine-induced enhancement of auditory
C-start behavior. The numbers on the bars repre-
sent the numbers of larvae examined. n.s., no
significance; *p < 0.05; **p < 0.01; ***p < 0.001
(paired Student’s t test for M-cell recording data
and unpaired Student’s t test for behavior data).
Error bars indicate SEM. See also Figures S3
and S4
Neuron
Cross-Modal Modulation via Dopaminergic Neuronof audiomotor functions at both the neural circuit and behav-
ioral levels.
Visual Modulation of Audiomotor Function Requires
Dopaminergic Neurons in Caudal Hypothalamus
To identify dopaminergic neurons underlying the visual enhance-
ment of sound-evoked C-start behavior and M-cell response,
we first examined the effect of specific ablation of individual
dopaminergic neuron clusters in larval zebrafish. Using tyrosine
hydroxylase (Th) or DA immunostaining of transgenic ETvmat2:
GFP zebrafish larvae, in which monoaminergic neurons express
green fluorescent protein (GFP) (Wen et al., 2008), we showed
that Th- or DA-positive neurons were located in GFP-expressing
nuclei, including the subpallium (SP), pretectum (PR), preoptic
area (PO), ventral thalamus (VT), posterior tubercular (PT), inter-
mediate hypothalamus (HI), and caudal hypothalamus (HC)
(Figure S5 andMovies S4 and S5). As these nuclei do not contain
Th-expressing noradrenergic neurons (Filippi et al., 2010; Kas-
tenhuber et al., 2010; McLean and Fetcho, 2004a; Yamamoto
et al., 2011), Th-positive neurons in these GFP-expressing areas
are dopaminergic. Consistent with a previous study (Yamamoto
et al., 2011), the HC displayed strong DA-immunoreactivity
(-ir; Movie S6) but weak Th-ir because the Th antibody we
used preferentially recognized zebrafish Th1 (Yamamoto et al.,
2010). Two-photon laser focal lesion of GFP-expressing neurons
(Friedrich et al., 2010) in the HC significantly reduced the flashenhancement of sound-evoked C-start behavior (p = 0.02),
whereas lesions of GFP-expressing neurons in any other dopa-
minergic neuron-containing nuclei, including the SP, PR, PO,
VT, PT, and HI, had no significant effect (Figures 7A and S6),
indicating an essential role of HC dopaminergic neurons in the
visual modulation of C-start behavior.
The two zebrafish homologous genes th1 and th2 both encode
tyrosine hydroxylase. The th2 is preferentially expressed with
a high level in HC dopaminergic neurons, whereas th1 is weakly
expressed in HC neurons (Filippi et al., 2010; McLean and
Fetcho, 2004a; Yamamoto et al., 2011). We downregulated DA
synthesis in HC dopaminergic neurons by using morpholino
oligonucleotide (MO)-based knockdown of th2 (see Supple-
mental Experimental Procedures), and found that the total
number of DA-ir cells in the HC was reduced in MO-injected
larvae (th2morphants) (p < 0.01; Figures 7B and 7C). Consistent
with the effect of two-photon laser lesion, the flashmodulation of
auditory C-start behavior was largely impaired in those th2
morphants (p < 0.01; Figure 7D). Similar effects were observed
by MO-based knockdown of both orthopedia homeodomain
protein a (otp a) and b (otp b) (Figures 7B–7D), two transcription
factors required for the development of dopaminergic neurons
in the HC and PT (Ryu et al., 2007). In electrophysiological exper-
iments, the flash-induced enhancement of a-CSCs in M-cells
was also abolished in the larvae subjected to focal laser lesion
of HC neurons, knockdown of th2, or co-knockdown of bothNeuron 75, 688–699, August 23, 2012 ª2012 Elsevier Inc. 693
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B Figure 7. Dopaminergic Neurons in the
Caudal Hypothalamus Are Required for the
Visual Modulation of Audiomotor Functions
(A) Effects of two-photon laser focal lesion of
specific dopaminergic neuron clusters on pre-
ceding flash-induced increases in the probability
of sound-evoked C-start behavior. The open and
filled bars represent data obtained from larvae
without or with laser lesion, respectively. The
numbers on the bars represent the numbers of
ETvmat2:GFP larvae examined.
(B and C) Examples (B) and summary (C) of data
showing that morpholino oligo (MO)-based knock-
down of th2 (th2-MO) or both otp a and otp b (otp-
MO) reduces the number of DA-immunoreactive
(DA-ir) neurons in the HC. Top in (B), DA-ir signal;
Bottom in (B),mergedDA-ir andGFP-ir signals. The
blue dashed circles represent HC position. The
images in (B) were taken from one optic section
with a thickness of4 mm. Scale represents 10 mm.
(D) Effects of th2 knockdown and otp a and otp
b co-knockdown on preceding flash-induced
increases in the probability of sound-evoked
C-start behavior.
(E) Summary of data showing the effects of focal HC lesion, th2 knockdown, and otp a and otp b co-knockdown on preceding flash-induced enhancement of
Mauthner cell a-CSCs. n.s., no significance; *p < 0.05; **p < 0.01; ***p < 0.001 (paired Student’s t test for M-cell recording data and unpaired Student’s t test for
behavior data).
Error bars indicate SEM. See also Figures S5 and S6.
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Cross-Modal Modulation via Dopaminergic Neuronotp a and otp b (Figure 7E). Thus, the dopaminergic neuron in the
caudal hypothalamus is necessary for the visual modulation of
audiomotor function.
HCDopaminergic Neurons Respond to Flash andProject
to Regions near M-Cell Dendrites
If the HC dopaminergic neuron is required for the visual modula-
tion of audiomotor functions, it may respond to flash. To test this
idea, we recorded HC neurons in cell-attached mode in intact
ETvmat2:GFP larvae. About 45% recorded HC cells (9 out of
20) exhibited bursting activity in response to 15-ms flash within
0.1–1.0 s after the flash onset (Figure 8A), a time window compa-
rable to that found in the flash modulation of auditory functions
(see Figures 1D and 2F). The action potential of flash-responsive
HC cells was wider than those of nondopaminergic neurons in
the zebrafish brain (p < 0.001; Figure S7), consistent with the
general property of dopaminergic neurons in mammals (Ungless
et al., 2004).
If the HC dopaminergic neurons are responsible for the visual
enhancement of auditory function, they may send axon projec-
tions directly to the vicinity of the VIIIth nerve-Mauthner cell
circuit. To test this point, we focally iontophoresed the low-
molecular-weight neuronal tracer neurobiotin (NB, 2%) around
the lateral dendrites of M-cells. At 0.5 to 2 hr after iontophoresis,
we observed that some HC neurons were retrogradely labeled
by NB (Figure 8B). Furthermore, some of these labeled HC
neurons showed colocalized signals of NB- and DA-immunore-
activity (Figure 8B).
Taken together, these results indicate that HC dopaminergic
neurons mediate the visual modulation of sound-evoked M-cell
responses, resulting in enhanced transmission of audiomotor
signals and facilitated C-start behavior.694 Neuron 75, 688–699, August 23, 2012 ª2012 Elsevier Inc.DISCUSSION
In this study, we have identified a neural mechanism underlying
visual modulation of audiomotor functions in larval zebrafish.
Based on our findings, we propose the following scheme for
this visuo-auditory cross-modal modulation (Figure 8C). Ipsilat-
eral visual inputs can evoke bursting activity in hypothalamic
dopaminergic neurons, possibly leading to dopamine secretion
around the area of VIIIth nerve-Mauthner cell circuits, and then
exert D1R-dependent neuromodulatory actions within a time
window of a few hundred milliseconds on both the VIIIth nerve
and its synapses on the Mauthner cell. These actions include
a reduction of spontaneous spiking activity and resultant
increased S/N ratio of sound-evoked spiking activity in the VIIIth
nerve as well as an increased efficacy of VIIIth nerve-Mauthner
cell synapses. These effects cooperatively enhance the sound-
evoked responses ofMauthner cells, leading to the enhancement
of auditory C-start escape behavior. Thus, by addressing cross-
modal modulation from behavioral level to circuit and synaptic
level, our study illustrates a cooperative neural mechanism for
visual modulation of audiomotor processing, and reveals a role
of dopaminergic system in cross-modal modulation.
This two-step cooperative mechanism, i.e., decreasing
presynaptic spontaneous activity and increasing downstream
synaptic efficacy, represents an efficient strategy to improve
signal detection. Obviously, increasing synaptic efficacy alone
can increase neural responsivity to sensory stimuli. However, it
also inevitably amplifies noise responses, which could be gener-
ated by background sensory input or presynaptic spontaneous
activity, resulting in increased energy consumption. On the other
hand, decreasing spontaneous activity is capable of reducing
noise response and thus increases S/N ratio (Foote et al.,
AC
B Figure 8. Dopaminergic Neurons in the
Caudal Hypothalamus Exhibit Bursting
Activity in Response to Flash Stimulus and
Send Projections Nearby the VIIIth Nerve-
Mauthner Cell Circuit
(A) Example (top; left y axis in bottom, black open
bars) and summary (right y axis in bottom, red line)
of data showing the spiking activity of HC neurons
in response to a 15 ms flash (red line, top). Top,
raster plot of a sample recording. Bottom: PSTH of
the raster plot (left y axis) and summary of data
obtained from 9 larvae (right y axis). Inset, sample
(gray) and average (black) waveforms of action
potentials from a HC neuron (‘‘HC’’) and an optic
tectum neuron (‘‘TN’’).
(B) Neurobiotin-based retrograde tracing of HC
dopaminergic neurons. The area of the white
square in (left) is enlarged in (right). The dashed
blue line and white arrow in (left) mark the location
of HC and the tip of notochord, respectively. Top
right, NB-ir signal (green). Middle right, DA-ir signal
(red). Bottom right, merged signals. The stars
indicate double positive HC cells. The images
were taken from one optic section with a thickness
of 4 mm. Scale represents 0.5 mV, 1 ms in the
inset of (A), 5 mm in (B).
(C) Proposed model for the visual modulation of
audiomotor function. A preceding flash induces
bursting activities in hypothalamic dopaminergic
neurons, which may release dopamine in the
vicinity of VIIIth nerves-Mauthner cell circuits.
Through D1R activation, the S/N ratio of VIIIth
nerve spiking activity is elevated by reducing spontaneous activities, and the efficacy of VIIIth nerve-Mauthner cell synapses is increased, leading to an increase in
sound-evoked responses of Mauthner cells and enhancement of auditory C-start escape behavior.
See also Figure S7.
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To our knowledge, the coexistence of these two cooperative
mechanisms in single neural circuits has not yet been experi-
mentally demonstrated. In the present work, we found that
decreasing presynaptic noise and increasing downstream
synaptic efficacy take place concurrently to enhance the detec-
tion of auditory signals. With a preceding light flash, the sponta-
neous spiking activity of VIIIth nerves is significantly suppressed,
whereas its sound-evoked activity is less affected. Thus the S/N
ratio of sound-evoked spiking activity in the VIIIth nerve is
increased by the preceding flash. Besides the increase in S/N
ratio, the reduction in presynaptic spontaneous activity may
also indirectly increase the efficacy of downstream synaptic
transmission by partially removing presynaptically originated
short-term depression of sound-evoked responses (Hestrin,
2011; Kuo and Trussell, 2011). This contribution to increase in
synaptic efficacy can be limited, because the low spontaneous
firing rate of the VIIIth nerve (see Figure 4) restricts the degree
of short-term depression. Thus, the direct modulation of
synaptic strength (see Figure 5) should be the main factor for
mediating the flash-induced increase of sound responses in
Mauthner cells. This cooperative mechanism, which adopts the
regulation of both presynaptic S/N ratio and synaptic efficacy,
provides a synaptic-level elucidation of how information pro-
cessing in one sensory modality is modulated by the activity of
other sensory modalities.Dense descending projections of dopaminergic neurons have
been found in the vicinity of VIIIth nerve-Mauthner cell circuits
in zebrafish and goldfish (Cachope et al., 2007; McLean and
Fetcho, 2004b; Pereda et al., 1992). These dopaminergic projec-
tions are suggested to regulate the functions of this audiomotor
pathway (Cachope et al., 2007; Pereda et al., 1992, 1994). In
goldfish, D1R activation can increase the strength of VIIIth
nerve-Mauthner cell synapses via postsynaptic cAMP (Pereda
et al., 1992, 1994), whereas exogenous DA elevates the firing
threshold and thus reduces the spiking activity of VIIIth nerves
in a way that is consistent with downregulation of a persistent
sodium current (Curti and Pereda, 2010). The D1R-mediated
visual modulation of auditory responses in Mauthner cells we
found in the zebrafish can also be accounted for by those DA
signaling-associated effects.
Based on the location of their somata and the local projection
pattern of their processes, dopaminergic neurons in the zebra-
fish caudal hypothalamus are likely homologous to tuberohypo-
physial dopaminergic (TIDA) neurons in mammals (Tay et al.,
2011). TIDA neurons belong to the A12 cluster of dopaminergic
neurons and locate in the arcuate and periventricular nuclei of
the hypothalamus. These neurons locally project to the external
layer of the median eminence and release dopamine into the
portal capillaries of the median eminence for transporting to
the pituitary (Moore and Lookingland, 1995). Besides the impor-
tance for the hormonal regulation of TIDA neurons, these cellsNeuron 75, 688–699, August 23, 2012 ª2012 Elsevier Inc. 695
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1995), similar to our findings in the hypothalamal dopaminergic
neurons of zebrafish. Unlike TIDA neurons in mammals,
however, dopaminergic neurons in the zebrafish caudal hypo-
thalamus send long descending projections to the hindbrain
and play a role in mediating visual modulation of audiomotor
function. Interestingly, in the lamprey, hypothalamal dopami-
nergic neurons also have long-distance projections even to the
spinal cord (Barreiro-Iglesias et al., 2008). The discrepancy in
descending projection pattern of hypothalamal dopaminergic
neurons between mammals and low vertebrates may be due to
species difference.
Biogenic amines, including DA, can regulate various functions
of many sensory systems among different species. For example,
flies with mutated DA receptors are hypersensitive to tactile
stimuli delivered by air puffing (Lebestky et al., 2009) and block-
ing D1R enhances the visual response in V4 area of macaque
visual cortex (Noudoost and Moore, 2011), meanwhile the acti-
vation of dopaminergic system induces a transient increase of
gustatory response and avoidance behavior in Caenorhabditis
elegans (Ezcurra et al., 2011). In both the rodent and primate
auditory systems, norepinephrine can regulate neural functions
by reducing spontaneous firing activity, with less effect on stim-
ulus-evoked activity (Foote et al., 1975; Hestrin, 2011; Hurley
et al., 2004; Kuo and Trussell, 2011; Sara, 2009). Furthermore,
biogenic amines can be released in response to salient sensory
inputs from various modalities (Dommett et al., 2005; Ezcurra
et al., 2011). Considering the extensive projections of neuromo-
dulatory systems in the brain (Berger et al., 1991), sensory input-
induced biogenic amine release may be generally involved in
cross-modal modulation of sensorimotor function. In our study,
light flash, a salient visual stimulus (Knudsen, 2007), effectively
enhances audiomotor functions possibly by triggering DA
release through activating hypothalamic dopaminergic neurons.
This action of flash-induced dopaminergic neuromodulationmay
affect not only the audiomotor circuit, but also other sensori-
motor pathways due to the extensive projections of dopami-
nergic neurons in zebrafish (Kastenhuber et al., 2010; McLean
and Fetcho, 2004a).
How multisensory information is combined by neural circuits
has been a subject of intense research for several decades.
Pioneering work by Stein and his colleagues (Meredith and Stein,
1983, 1986; Stein and Stanford, 2008) has showed that multisen-
sory integration in the cat superior colliculus occurs via conver-
gent synaptic inputs onto single multisensory neurons, which
exhibit increased spiking activity in response to multiple sources
of sensory inputs. Combining experimental study and modeling
work on the dorsal medial superior temporal area of primates,
Angelaki et al. have further revealed that populations of multisen-
sory neurons represent probabilistic information defined by the
reliability ofmultiple sensorycues, and linked thecharacterization
of multisensory integration at the single neuron level to that of
cue integration at the behavior level (Angelaki et al., 2009; Gu
et al., 2008; Morgan et al., 2008). More recently, by using imaging
and unit/field potential recording techniques, mechanisms
involved in cross-modal modulation are beginning to be exam-
ined (Driver and Noesselt, 2008). One prominent discovery is
that sensory input from one modality can reset the phase of696 Neuron 75, 688–699, August 23, 2012 ª2012 Elsevier Inc.ongoing oscillation in the primary sensory cortex of other modal-
ities and thus cross-modally modulate sensory responsiveness
of those primary cortices (Ghazanfar andChandrasekaran, 2007;
Kayser et al., 2008; Lakatos et al., 2007, 2009; Thorne et al.,
2011). For examples, (Lakatos et al., 2007, 2009) found that
somatosensory stimulation can modulate the auditory response
in the primary auditory cortex, and Kayser et al. (2008) identified
a similarmodulatory effect of visual inputs on theprimary auditory
cortex. As no spiking activity is evoked by nonauditory inputs
in those studies, a modulatory role rather than ‘‘driving spike’’ is
proposed for the function of those nonauditory inputs (Ghazanfar
and Chandrasekaran, 2007). Nevertheless, for this phase reset-
ting-associated cross-modal modulation, the possibility that
convergingmultisensory synaptic inputs regulate ongoing neural
oscillation cannot be fully excluded, because those nonauditory
inputs may generate subthreshold responses, which are unde-
tectable with unit recordings. Alternatively, this cross-modal
phase resetting can be achieved by cross-modally activated
neuromodulation accordingly to the following evidence. First,
there are dense axonal projections of neuromodulatory systems
in the cerebral cortex (Berger et al., 1991). Second, salient
sensory stimuli can trigger biogenic amine release (Dommett
et al., 2005; Ezcurra et al., 2011). Third, biogenic amines can
effectively regulate neural oscillatory activity (Constantinople
and Bruno, 2011; Mallet et al., 2008). Thus, accompanying
with changes in environmental context, salient sensory stimuli
may trigger biogenic amine release, which potentially regulate
neural oscillations in other sensory systems and modulate their
responsiveness to subsequent sensory inputs.
Interestingly, the direction of the visual modulation of audio-
motor function depends on sound intensity. In our recording of
M-cell responses, visual modulation not only enhances supra-
threshold sound detection by increasing auditory responses,
but may also improve sound discrimination by decreasing audi-
tory responses to subthreshold sounds (Figure S8). If visual
modulation is nonselective for sound stimuli and increase
subthreshold sound-evoked response as well, the occurrence
of being ‘‘false alarmed’’ by behavior-irrelevant subthreshold
noise in the environment would be elevated (Servan-Schreiber
et al., 1990). Thus, decreasing subthreshold sound response
can serve as a complementary mechanism for visually induced
enhancement of suprathreshold sound responses. Behaviorally,
background noise composed of subthreshold sounds reduces
the probability of suprathreshold sound-evoked C-start behavior
(Burgess and Granato, 2007), and this noise-induced masking
effect can be significantly attenuated by a preceding flash
(Figure S8). This sound-intensity dependency of visual modula-
tion could serve as the neural basis of an attention-like process
(Pestilli et al., 2011; Reynolds and Chelazzi, 2004; Serences,
2011), in which the preceding visual input functions as a ‘‘salient
filter’’ to selectively and efficiently improve the detection and
discrimination of behavior-relevant suprathreshold sounds.EXPERIMENTAL PROCEDURES
Zebrafish Husbandry
Adult zebrafish (Danio rerio) were maintained in the National Zebrafish
Resources of China (NZRC, Shanghai, China) with an automatic fish housing
Neuron
Cross-Modal Modulation via Dopaminergic Neuronsystem (ESEN, Beijing, China) at 28C following standard protocols (Zhang
et al., 2010). Detailed information is available in the Supplemental Experi-
mental Procedures.
In Vivo Electrophysiological Recording
Zebrafish larvae were first paralyzed with the neuromuscular junction blocker
a-bungarotoxin (100 mg/ml, Sigma) for 10–15 min, and were then embedded in
1% low-melt agarose (Sigma) for mechanical fixation. The extracellular
solution consisted of (in mM): 134 NaCl, 2.9 KCl, 2.1 CaCl2, 1.2 MgCl2, 10
HEPES, and 10 glucose (pH = 7.8). Recording micropipettes were made
from borosilicate glass capillaries (BF120-69-15, WPI). The internal solution
consisted of (in mM): 110 K-gluconate, 6 NaCl, 2 MgCl2, 2 CaCl2, 10 HEPES,
and 10 EGTA (pH 7.3). The equilibrium potential of chloride ion (ECl) was
about 60 mV according to the Nernst equation.
In vivo whole-cell recording of Mauthner cells (M-cells), loose-patch
recording of VIIIth nerves, and cell-attached recording of caudal hypothalamic
(HC) neurons, retinal ganglion cells, optic tectum neurons, and hindbrain neu-
rons were all made under visual guidance. For whole-cell recording onM-cells,
asdescribed in a previous study (Hanet al., 2011), a tinycut for breaking the skin
was made at the dorsal part 100 mm caudally to the location of M-cells. A
recordingmicropipette (10MU, tipdiameter<2mm)filledwith the internal solu-
tionwas inserted into the brain through this cut, and rostraventrally approached
to M-cells with a persistent positive pressure for keeping tip clean. After the
contact of micropipette tip with M-cell membrane, giga-ohm seal was formed
by removing the positive pressure and applying a slight negative pressure.
Whole-cell recording was achieved by delivering a few brief electrical zaps
(25 ms to 2 ms) to break the cell membrane beneath the micropipette tip. For
loose-patch recording of VIIIth nerves and cell-attach recording of HC neurons,
micropipetteswith a resistance of8MUwereused. VIIIth nerve bundles,which
are laterally to M-cell lateral dendrites, were visible under the infrared micro-
scope (FN-S2N, Nikon). A slight and persistent positive pressure was applied
before reaching the nerves. After removing the positive pressure and applying
a slight negative pressure, loose-patch recoding of VIIIth nerves was formed.
Sound-evoked spike trains were readily recorded fromVIIIth nerves. Each spike
within sound-evoked spike trains was phase-locked to the peak or valley of
sound waves, and typically with amplitudes ranging from 0.5 to 3 mV. In paired
recordings of the VIIIth nerve and M-cell, both the spontaneous and sound-
evoked spikes of VIIIth nerves were correlated with postsynaptic currents of
M-cells. For HC neuron recordings, loose-patch recoding was visually guided
by GFP signal in ETvmat2:GFP larvae and followed the similar strategy as the
VIIIth nerve recording. Recordings were made with a patch-clamp amplifier
(MultiClamp 700B, Axon Instruments), and signals were filtered at 5 kHz and
sampled at 10 kHz by using Clampex 10.2 (Molecular Devices). The total inte-
grated charge of compound synaptic currents (CSCs) of M-cells within the first
20 ms after the onset was calculated. The total integrated charge of excitatory
postsynaptic currents (EPSCs) within 0.8–1.2 ms or 8–15 ms after the onset
were calculated to assay the electrical and chemical components, respectively.
Sound stimuli (sine-waveform pure tone, 500 Hz, 10 ms) was generated by
a self-written MATLAB program and delivered through air from a speaker, thus
forming a far-field sound stimulation apparatus (Tanimoto et al., 2009). At larval
stage, 500 Hz of sound is among the best hearing frequency band (data not
shown). To avoid sound-induced vibration of recording micropipettes and
damage of recordings, moderate sound intensities (<95 dB) were used. For
flash stimulation, a LED was mounted on the camera port of a microscope
(FN-S2N, Nikon), allowing projection of programmed flashes onto the retina
of zebrafish larvae. To electrically activate VIIIth nerve-Mauthner cell synapses,
the VIIIth nerve was extracellularly stimulatedwithin a range of 8–50 V (duration:
0.05–0.1 ms) through a glass micropipette (tip diameter: 2–3 mm). For local
drug puffing, a micropipette with a tip diameter of 2–3 mm approached to
the lateral side of the fourth rhombomere where the lateral dendrites of Mauth-
ner cells locate (Eaton et al., 2001; Korn and Faber, 2005), and drug solution
contained in the micropipette was ejected out by a gas pressure increase
controlled by Picospritzer III (KF Technology).
C-Start Escape Behavior Test
Sound-evoked C-start escape behavior of zebrafish larvae at 4–7 dpf was
tested according to a modified protocol (Han et al., 2011). Successful C-Startwas identified manually. Detailed information is available in the Supplemental
Experimental Procedures.
Confocal Imaging and Two-Photon Laser Focal Lesion
Imaging and laser focal lesion were carried out under a 403 water-immersion
objective (N.A., 0.80) using an Olympus Fluoview 1000 confocal and two-
photon microscope (Tokyo, Japan). Images were acquired as Z-stacks at
4 mm/optic slice. To selectively lesion distinct clusters of dopaminergic
neurons in ETvmat2:GFP larvae, 850 or 900 nm two-photon laser was targeted
to GFP-positive cells and time-lapse line-scanning was then performed within
a single optic slice of the cell. Successful lesion was accepted when targeted
areas exhibited bulb-like structures under brightfield and GFP-positive cells
could not be observed (Figure S6). Behavior tests or electrophysiological
recordings were carried out at least 3 hr after two-photon laser focal lesion.
Morpholino Oligo-Based Knockdown and Microinjection
Morpholino oligos (MOs) were purchased from Gene Tools (Philomath, OR).
Lyophilized MOs were dissolved in nuclease-free water. The th2-MO (TCC
AGTTAATGTTATGTCAATACCA) was designed to target the start codon
region 41 to 17 bp of zebrafish th2. The otp a-MO (ATCAGACTGCACCGC
ACTCACCTGC) and otp b-MO (GAGCAAGTTCATTAAGTCTCACCTG), which
were used previously (Ryu et al., 2007), were coinjected. MOs were pressure-
injected into 1-cell stage embryos. The amounts of injected MOs were as
followed: th2-MO, 12–13 ng; otp a-MO, 1.7–2.2 ng; otp b-MO, 5.0–6.5 ng.
Equal amount of nuclease-free water were injected as controls.
Whole-Mount Immunostaining
Whole-mount immunostaining was carried out followed modified protocol
(McLean and Fetcho, 2004a). Antibody against tyrosine hydroxylase and
dopamine was purchased from Chemicon and provided by Dr. H. Steinbusch
(Yamamoto et al., 2011), respectively. Detailed information is available in the
Supplemental Experimental Procedures.
Retrograde Labeling
Larvae at age 4–6 dpf were used for neurobiotin (NB) retrograde labeling. In
brief, a glass micropipette (6–8 MU) filled with 2% NB in 3 M NaCl solution,
was positioned at the lateral side of the fourth rhombomere, where the VIIIth
nerves and Mauthner cell lateral dendrites locate. For local NB iontophoresis,
1–5 mA positive current pulses with duration of 50–100 ms were delivered at
0.33–0.5 Hz for 30–40 min. After 1–2 hr, the larvae were fixed in 5% glutaralde-
hyde-containing TBS/SMB solution for 12–17 hr at 4C, embedded in 6%
agarose, and sectioned with a Vibratome (VT1000S, Leica) with a thickness
of 40 mm. Samples were blocked in 10%NGS for 2 hr at RT and then immersed
in rabbit antidopamine (1:600) at 25C for 5 hr. After washing for 2 hr at RT,
dopamine and NB signals were visualized with Alexa 568 goat anti-rabbit
antibody (1:800) and FITC-conjugated-avidin (1:400, Vector Laboratories),
respectively.
Statistics
Jarque-Bera test was first performed to examine the normality assumption of
data. For normal data, two-tailed paired or unpaired Student’s t test was then
used for significance analysis. For data which were not normal, Wilcoxen
sign-rank test was then used for significance analysis. The p value <0.05
was considered to be statistically significant. All results are represented as
mean ± SEM.
SUPPLEMENTAL INFORMATION
Supplemental Information includes eight figures, Supplemental Experimental
Procedures, and six movies and can be found with this article online at
http://dx.doi.org/10.1016/j.neuron.2012.05.035.
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